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(54) Daisy-Chainable sensors and stimulators for implantation in living tissue

(57) A chain of serially-connected electronic devic-

es is adapted for implantation in living tissue and com-

prises:

a plurality of substantially identical electronic devic-

es (12, 18, 30), each electronic device including a

first pair of terminals (13, 15), a second pair of ter-

minals (17, 19), means for receiving an input pulsed

data-stream signal over the first pair of terminals,

means for performing a specified function, and

means for applying output pulses to the first pair of

terminals of representative of the specified function

performed so that the input pulsed data-stream sig-

nal;

a control circuit (20, 20') having a first line terminal

and a second lien terminal, means for generating

the input pulsed data-stream signal and applying

said input pulsed data-stream signal between the

first line terminal and the second line terminal, and

means for detecting any output pulses appearing

between pulses of the input pulsed data-stream;

a first line conductor (14') connected between the

first line terminal of the control circuit and a first ter-

minal of the first pair of terminals of a first electronic

device, and a second line conductor (16") connect-

ed between the second line terminal of the control

circuit and a second terminal of the first pair of ter-

minals of the first electronic device; and

for each additional electronic device included in the

chain of implantable serially-connected electronic

devices, wherein an electronic device in the chain

that is closest to the control circuit comprising a for-

ward electronic device, and an electronic device in

the chain that is next closest to the control circuit

comprising a rearward electronic device,

a signal conductor (14") connected between a first

terminal of the second pair of terminals of the for-

ward electronic device and a first terminal of the first

pair of terminals of the rearward electronic device,

and

a return conductor (16°) connected between a sec-

ond terminals of the second pair terminals of the for-

ward electronic device and a second terminal of the

first pair of terminals of the rearward electronic de-

vice;

whereby the first electronic device is connected to

the control circuit with just two conductors, and each

rearward electronic device in the chain of electronic

devices is also coupled to the forward electronic de-

vice with just two conductors.
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Description

Field of the Invention

[0001] The present invention relates to implantable

medical devices, and more particularly to very small im-

plantable sensors and/or stimulators that may be seri-

ally connected in a daisy-chain using just two conduc-

tors. Important aspects of the invention relate to a very-

low power rectifier circuit, line interface circuit, and cur-

rent-to-frequency converter circuit that form part of each

daisy-chainable implantable sensor/stimulator, which

circuits facilitate the powering and operation of the im-

plantable sensor/stimulator using just two conductors

which are shared with all other sensors/stimulators in

the daisy chain.

Background of the Invention

[0002] In the implantable medical device field, a med-

ical device, configured to perform a desired medical

function, is implanted in the living tissue of a patient so

that a desired function may be carried out as needed for

the benefit of the patient. Numerous examples of im-

plantable medical devices are known in the art, ranging

from implantable pacemakers, cochlear stimulators,

muscle stimulators, glucose sensors, and the like.

[0003] Many implantable medical devices are config-

ured to perform only the stimulation function, i.e., to

stimulate on command a prescribed muscle tissue in or-

der cause the muscle to contract. An example of a tiny

implantable stimulator is shown, e.g., in U.S. Patent

Nos. 5,324,316 or 5,358,514.

[0004] Other implantable medical devices are config-

ured to perform only the sensing function, i.e., to sense

a particular parameter, e.g., the amount of a specified

substance in the blood or tissue of the patient, and to

generate an electrical signal indicative of the quantity or

concentration level of the substance sensed. Such elec-

trical signal is then coupled to a suitable controller, which

may or may not be implantable, and the controller re-

sponds to the sensed information in a way to enable the

medical device to perform its intended function, e.g., to

display and/or record the measurement of the sensed

substance. An example of an implantable medical de-

vice that performs the sensing function is shown, e.g.,

in U.S. Patent No. 4,671,288.

[0005] Still other implantable medical devices are

configured to perform both the sensing and stimulating

function. In such instances, the medical device typically

includes separate sensing, stimulating and control cir-

cuits. The sensing circuit senses the presence or ab-

sence of a particular parameter or substance. The con-

trol circuit analyzes the information sensed by the sen-

sor and determines whether a stimulation current pulse

is needed. If a stimulation current pulse is needed, the

control circuit directs the stimulating circuit to provide a

specified stimulation current pulse. A pacemaker is a

classic example of an implantable medical device that

performs both the sensing function (sensing whether the

heart needs to be stimulated and at what rate) and the

stimulating function (stimulating the heart as needed to

s maintain a desired heart rhythm).

[0006] As medical devices have become more so-

phisticated, there is a continual need to use more than

one sensor. For example, in some instances, more than

one sensor is needed to measure more than one sub-

10 stance or physiological parameter. In other instances,

more than one sensor may be needed to measure or

sense the same substance or physiological parameter

at different locations within the patient's body. Similarly,

depending upon the medical application involved, there

1$ may be a need to stimulate muscle tissue at more than

one location in the body. One way of providing stimula-

tion at multiple locations is to implant separate stimula-

tors at each desired location and then to coordinate the

operation of the stimulators so as to provide a desired

20 result. See, e.g., U.S. Patent No. 5,571,148.

[0007] Whenever multiple sensors and/or multiple

stimulators are implanted and are intended to be used

in concert to achieve a desired medical function, there

is a need to connect or couple such separate multiple

25 sensors/stimulators to a single control circuit or common
control point. Sometimes the control function is per-

formed external to the patient, in which case the sen-

sors/stimulators are connected to an implanted teleme-

try circuit or equivalent; or, alternatively, a telemetry cir-

30 curt is included as part of each sensor that allows data

and commands to be sent, transferred, or otherwise

coupled across the tissue/skin of the patient between

an external control device and the implanted sensor/

stimulator. At other times, the control function is per-

35 formed by an implantable control circuit, usually con-

nected directly to the implanted sensors/stimulators.

When an implanted control circuit is used, it usually in-

cludes a telemetry circuit, or equivalent circuit, that al-

lows the implanted control circuit to communicate with

40 an external programmer, thereby allowing the implanted

control circuit to be programmed, or otherwise modified

and/or monitored, by the external programmer.

[0008] When multiple sensors/stimulators are used,

several problems must be addressed. For example, un-

45 less each of the multiple sensors/stimulators are con-

nected to a common controller and/or telemetry circuit,

each sensor/stimulator must employ its own telemetry

circuit, or equivalent circuit, that allows it to be monitored

and/or controlled. Such individual telemetry or commu-
50 nication circuits may add undue complexity to the im-

planted sensors/stimulators, increasing the size, weight

and/or power consumption of the sensors. What is

needed are relatively simple sensors and stimulators

that may be implanted at multiple locations within the

55 patient, yet operate independent of each other in an ef-

ficient and effective manner.

[0009] When multiple sensors/stimulators are directly

monitored and/or controlled by a control circuit, there

3



3 EP 1 040 848 A1 4

must be a direct connection, i.e., at least a separate con-

ductor and a return path, for each sensor/stimulator. If

the number of sensors/stimulators is large, the number

of separate conductors that are required to control and/

or monitor such sensors/stimulators can become un- s

wieldy. The number of conductors can become espe-

cially large and difficult to manage when each sensor

requires more than two conductors, e.g., as when each

sensor performs multiple functions, requiring a separate

output conductor for each function, in addition to con-

ductors to carry power to the sensor. Moreover, the out-

put signal from many sensors, i.e., the signal that pro-

vides a measure of the parameter or substance being

monitored or sensed, is typically a very low level analog

signal that cannot be transmitted over very long distanc-

es without amplification or buffering. That is, such low

level signals are easily corrupted with noise, particularly

when the conductors are placed in a very hostile envi-

ronment (e.g., within living tissue, which is equivalent to

being immersed in salt water). Low level signals in a

hostile environment result in a signal-to-noise (S/N) ra-

tio that is unacceptably low. A unacceptably low S/N ra-

tio, in turn, dictates that signal amplification and/or spe-

cial buffering circuits be employed. Such signal amplifi-

cation and/or buffering, however, disadvantageously re-

quire additional circuitry, thereby increasing the com-

plexity, size and weight of the device, and further require

additional operating power. What is clearly needed,

therefore, are sensors/stimulators that can be readily

operated in a multiple sensor/stimulator configuration,

yet require a minimum number of conductors to connect

the sensors/stimulators to a control circuit, and wherein

a high S/N ratio can be maintained for data and com-

mand signals that are transmitted to and from the sen-

sors/stimulators.

Summary of the Invention

[0010] The present invention addresses the above

and other needs by providing an implantable medical

device, e.g., a sensor/stimulator, that can be connected

to a controller, typically an implantable controller (or an

implantable transceiver that is in communication with an

external controller), using just two conductors that carry

both operating power and data (data commands and/or

measured data) between the device and control circuit.

Moreover, a plurality of such devices may be connected

together using just two conductors. That is, a first device

may be connected to the controller using just two con-

ductors. Another device, using the same two conductors

as are connected to the first device, may then be con-

nected to the first device, thereby allowing a "daisy

chain" of such devices to be formed. Advantageously,

each device in the daisy chain is individually addressa-

ble by the control circuit, and the manner in which data

is transmitted between a given device and the control

circuit is very immune to noise, thereby providing a very

high S/N ratio.

[0011] Inaccordance with one aspect of the invention,

the invention comprises a medical device having an her-

metically sealed part containing electrical circuitry and

a non-hermetically sealed part. The non-hermetically

sealed part includes a first pair of terminals and a sec-

ond pair of terminals. The first pair of terminals function

as the input/output terminals for connecting a first med-

ical device to a controller using just two conductors, one

conductor being connected to each terminal. The sec-

ond pair of terminals function as connection terminals

for attaching an additional medical device to the first

medical device. The input/output terminals of an addi-

tional medical device may then be connected to the con-

troller by simply connecting respective conductors be-

tween the connection terminals of the medical device

already connected to the controller and the input/output

terminals of the additional medical device. In this fash-

ion, a daisy-chain of such medical devices may be

formed.

[0012] In one embodiment, the first pair of terminals

is electrically connected to the second pair of terminals

through feed-through means that make the desired

electrical connection through the hermetically sealed

part. In such embodiment, the first feed-through means

make electrical contact between each terminal of the

first pair of terminals and a respective portion of the elec-

trical circuitry within the hermetically sealed part. Then,

second feed-through means make electrical contact

with the respective portions of the electrical circuitry

within the hermetically sealed part and the second pair

of terminals so that a direct electrical connection is es-

tablished between corresponding terminals of the first

and second pair of terminals. Thus, the first pair of ter-

minals, or input/output terminals, comprises a means for

applying electrical power and data to the electrical cir-

cuitry within the hermetically sealed part, as well as a

means for receiving data from the electrical circuitry

within the hermetically sealed part; and the second pair

of terminals, or connection terminals, comprises a

means for passing the electrical power and data re-

ceived on the first pair of terminals to a corresponding

first pair of terminals of another implantable medical de-

vice.

[001 3] In another embodiment, the first pair of termi-

nals may be connected to the second pair of terminals

directly within or on the non-hermetically sealed part

without passing through the hermetically sealed part.

Hence, in this embodiment, only one set of feed-through

means need be employed to connect the first and sec-

ond pairs of terminals to the respective portions of the

electrical circuitry within the hermetically sealed part.

[0014] In either embodiment, it is a feature of the in-

vention to allow a plurality of such implantable medical

devices to be daisy-chained together by simply connect-

ing a pair of conductors between the second pair of ter-

minals of one implantable medical device and the first

pair of terminals of another implantable medical device.

[0015] In accordance with another aspect of the in-
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vention, the medical device comprises an implantable

sensor/stimulator device adapted for implantation in liv-

ing tissue, and particularly adapted to sense a desired

physiological parameter or function, e.g., to sense the

glucose level of a patient, and/or to stimulate selected s

tissue with an electrical shock. Such implantable sen-

sor/stimulator includes: (1 ) a carrier having first and sec-

ond pads thereon to which first and second line conduc-

tors may be attached; (2) a low power rectifier circuit

carried by the carrier and connected to the first and sec-

ond pads, with the rectifier circuit including means for

generating an operating voltage from biphasic pulses

applied across the first and second pads; (3) a line in-

terface circuit carried by the carrier and connected to

the first and second pads; (4) a sensor that senses a

specified parameter or substance and generates an an-

alog output signal which varies as a function of how

much of the specified parameter or substance is

sensed; (5) a converter circuit that converts the analog

output signal from the sensor to a digital sensor signal

comprised of a multiplicity of respective bits; (6) state

machine means that defines address data correspond-

ing to the implantable sensor/stimulator, and that re-

ceives detected data from the line interface circuit and

determines if the detected data corresponds to the de-

fined address data of the implantable sensor/stimulator,

and if so, responding thereto by applying the digital sen-

sor signal to the line interface circuit so that it can be

transmitted to the first and second line conductors at-

tached to the first and second pads; and (7) means for

hermetically sealing the rectifier circuit, line interface cir-

cuit, converter circuit, and state machine means.

[0016] In such embodiment, the line interface circuit

includes a detecting means for serially detecting wheth-

er input biphasic pulses applied across the first and sec-

ond pads are of a first phase or a second phase, a first

phase corresponding to a received data bit representing

a binary "1", and a second phase corresponding to a

received data bit representing a binary "0". In this man-

ner, an input data stream may be received by the line

interface circuit from biphasic data pulses that are ap-

plied between the first and second line conductors, i.e.,

between the first and second pads attached to the first

and second line conductors.

[0017] The line interface circuit also includes trans-

mission means for serially applying an output pulse, e.

g., a monophasic or preferably biphasic pulse, having a

first or second amplitude across the first and second

pads at a time in-between when the input biphasic puls-

es are applied across the first and second pads, where

a first amplitude, e.g. , a maximum amplitude, of the out-

put pulse represents a binary "1", and a second ampli-

tude, e.g., a minimum or even a zero amplitude (i.e., the

absence of a pulse) of the output pulse represents a bi-

nary "OV In this way, an output data stream may be

transmitted by the line interface circuit onto the first and

second pads, and hence, onto the first and second line

conductors attached to the first and second pads.

[0018] Advantageously, by using biphasic pulses in

the manner described, such pulses serve a dual pur-

pose: (1) the energy contained therein may be rectified

by the rectifier circuit and used to power the device, and

(2) the information contained therein may be detected

and provide a stream of input or control data to the de-

vice. Further, by interleaving amplitude modulated out-

put pulses inbetween the incoming biphasic pulses, out-

put data sensed or generated by the device may be

transmitted on the same first and second line conduc-

tors used to send an input data stream to the device.

Significantly, when the absence of a monophasic pulse

is used to signify one binary state, e.g., a binary "0", and

an output pulse of maximum amplitude is used to signify

another binary state, e.g., a binary "1 a high signal-to-

noise ratio may be achieved, allowing the output data to

be transmitted over a minimum number of conductors

(two conductors) in a very noisy environment.

[0019] It is thus a feature of the present invention to

provide a means whereby implantable sensors or stim-

ulators may be daisy chained together using a minimum

number of connecting conductors.

[0020] It is an additional feature of the invention to

provide a daisy chain of implantable sensor/stimulator

devices, serially connected together through a common
power/data bus, wherein each individual device is ad-

dressable from a common controller unit connected by

way of the common power/data bus to each of the im-

plantable devices.

[0021] It is another feature of the invention to provide

individual implantable sensors and/or stimulators that

can transmit and/or receive power and data signals over

a minimum number of signal lines connected therebe-

tween.

[0022] It is yet another feature of the invention to pro-

vide an implantable sensor/stimulator device having an

hermetically sealed part and a non-hermetically sealed

part, with electrical feed-through means for making elec-

trical connections between the hermetically sealed part

and the non-hermetically sealed part, and wherein the

hermetically sealed part encompasses electrical circuits

for operating and controlling the device, and further

wherein the non-hermetically sealed part includes a

sensor for sensing a condition or substance to which the

device is exposed, electrical terminals or pads to which

connecting conductors may be connected, and/or elec-

trodes through which stimulating current pulses may be

applied to surrounding tissue or body fluids.

Brief Description of the Drawings

[0023] The above and other aspects, features and ad-

vantages of the present invention will be more apparent

from the following more particular description thereof,

presented in conjunction with the following drawings

wherein:

FIG. 1 is a block diagram that illustrates multiple
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sensors/stimulators connected together using a

two-conductor bus, which two-conductor bus may
be connected to a controller;

FIG. 2 schematically illustrates a preferred manner

of how a sensor/stimulator made in accordance with s

the present invention may be connected with a con-

troller and other sensors/stimulators in a serial or

daisy-chain fashion;

FIG. 3A shows a perspective, partially exploded,

view of a preferred sensor/stimulator of the type

used in the daisy chain of FIG. 2;

FIG. 3B illustrates a sectional side view of the sen-

sor/stimulator of FIG. 3A;

FIG. 3C illustrates a sectional top view of the sen-

sor/stimulator of FIG. 3A;

FIG. 3D illustrates a sectional end view of the sen-

sor/stimulator of FIG. 3A;

FIG. 4 depicts an implantable lead that includes a

plurality of the sensors/stimulators of FIGS. 3A-3D;

FIG. 5A is a functional block diagram of a simple

daisy-chainable implantable device made in ac-

cordance with the present invention wherein an

electrical path for attaching additional devices pass-

es through an hermetically-sealed portion of the im-

plantable device;

FIG. 5B is a functional block diagram as in FIG. 5A,

but wherein the electrical path for attaching addi-

tional devices by-passes the hermetically-sealed

portion of the implantable device;

FIG. 5C is a functional block diagram as in FIG. 5A,

but wherein additional circuit functions are provided

so that a wide variety of different sensors and a

stimulator may be included within the daisy-chain-

able implantable device;

FIG. 6 is a timing diagram that illustrates input and

output data sent to and received from a daisy-chain-

able device of the type shown in FIG. 5A, 5B or 5C;

FIG. 7 illustrates a data frame used to communicate

with the implantable device of the present invention

when serially connected in a daisy chain;

FIG. 8 is a timing diagram that illustrates time mul-

tiplexed input and output data within a data frame

as it appears on the two-conductor bus connecting

a plurality of daisy-chainable devices of the type

shown in FIG. 5A, 5B or 5C; and

FIG. 9 shows a representative schematic diagram

of a typical line interface circuit that may be used as

part of the daisy-chainable implantable devices of

the type shown in FIGS. 5A, 5B or 5C.

[0024] Corresponding reference characters indicate

corresponding components throughout the several

views of the drawings.

Detailed Description of the Invention

[0025] The following description is of the best mode
presently contemplated for carrying out the invention.

This description is not to be taken in a limiting sense,

but is made merely for the purpose of describing the

general principles of the invention. The scope of the in-

vention should be determined with reference to the

claims.

[0026] Turning first to FIG. 1, a block diagram is

shown that illustrates multiple sensors/stimulators 12a,

12b, ... 12n, or other implantable devices, connected

together, as well as a controller (not shown) using just

twocommon conductors 1 4 and 1 6. The two conductors

14 and 16 provide a common signal and return for data

signals and power signals that are sent from the con-

troller to the devices 12a, 12b, ... 12a as well as a com-

mon signal and return path for data signals transmitted

from the devices 12a, 12b, ... "\2n, to the controller.

[0027] FIG. 2 schematically illustrates how an im-

plantable device, e.g., a sensor/stimulator 18a, made in

accordance with the present invention may be connect-

ed with a remote controller 20 and other implantable de-

vices 18b, ... 18n, in a serial or daisy-chain fashion. As

seen in FIG. 2, the device 18a is connected to the con-

troller 20 by two conductors 14' and 16' which are at-

tached to a first pair of pads or terminals 13 and 15 along

a proximal side (i.e. the side closest to the controller 20)

of the device 18a. Another pair of pads or terminals 17

and 19 are located along a distal side (i.e., the side far-

thest from the controller 20) of the device 18a. As will

become evident from the description that follows, the

distal pad 17 is electrically connected to the proximal

pad 13 through the circuitry 21 located on the device

18a. Similarly, the distal pad 19 is electrically connected

to the proximal pad 1 5 through the circuitry 21 included

within the device 18a. Two additional conductors 14°

and 1
6" are then used to connect the distal pads 1 7 and

1 9 of the device 1 8a to corresponding proximal pads 1
3'

and 15' of the next device 18b connected in the daisy

chain. In this manner, as many devices as desired may
be serially connected to the controlled 20 using just two

conductors.

[0028] It is noted that the FIG. 1 is functionally elec-

trically equivalent to FIG. 2. FIG. 2 simply employs prox-

imal and distal pairs of pads or terminals to facilitate the

connection of additional devices to the chain by extend-

ing two conductors from the distal pads 17 and 19 of a

more proximal device in the chain to the proximal pads

13' and 15' of a new device to be added to the chain.

However, where the particular application allows con-

nections to be made, or branched off of, the two main

conductors 14 and 16, then the configuration of FIG. 1

may be used just as well as the configuration of FIG. 2.

[0029] There exist many different applications for the

daisy-chainable sensor/stimulators 12 or 18 of the

present invention illustrated in FIGS. 1 or 2. Generally,

where the sensor/stimulators 12 or 18 are implanted,

they are designed to sense one or more body parame-

ters or substances found in body tissue or fluids, e.g.,

glucose level, blood pH, 02 ,
temperature, or the like.

Such measurements can provide valuable information
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regarding the condition and status of the patient. As

such, it is ofttimes desirable to make more than one

measurement within the same general body tissue area

so as to be able to compute an average or mean of the

measurements thus made, or otherwise obtain a con- 5

sensus from several different readings, thereby better

assuring the accuracy and reliability of the data thus

gathered.

[0030] Other times, it may be desirable to obtain var-

ious measurements of a given substance at physically-

related, but different, body locations. For example, for

some applications, e.g., a closed-loop glucose infusion

system, it could be advantageous to obtain a glucose

reading within the blood stream and another glucose

reading within the body tissue adjacent the blood

stream. This is because the time constant associated

with how rapidly one glucose reading changes com-

pared with the other may be different (and, in fact, is

usually different), and being able to obtain or monitor

such difference would provide valuable information re-

garding the regulation of the glucose infusion.

[0031] Turning next to FIGS. 3A, 3B, 3C and 3D, there

are shown, respectively, a perspective exploded view

(FIG. 3A), a side view (FIG. 3B), a top view (FIG. 3C),

and an end view (FIG. 3D), of atypical implantable sen-

sor device 30 of a type suited for use with the present

invention. As seen best in FIG. 3A, the sensor device

30 typically includes a carrier or substrate 36 on which

an integrated circuit (IC) 38 and other components, such

as a capacitor 40, are mounted. In some embodiments,

it should be noted that the carrier or substrate 36 may
actually comprise the substrate on which the IC 38 is

fabricated; but for purposes of the explanation which fol-

lows, it is assumed that a separate substrate or carrier

36 is employed with various circuit elements mounted

thereon to form a hybrid circuit. The carrier or substrate

has conductive patterns etched or otherwise deposited

thereon to interconnect the IC 30, capacitor 40, and any

other components to form a hybrid circuit which carries

out the desired sensing (or other) function.

[0032] All of the components of the hybrid circuit are

hermetically sealed within a cavity formed by a lid or cov-

er 42 which is bonded to the substrate 36. Proximal pads

or terminals 1 3 and 15, as well as distal pads or termi-

nals 17 and 19, remain outside of the hermetically

sealed part of the hybrid circuit created by the cover 42.

These proximal and distal pads, however, are electrical-

ly connected to the circuitry within the hermetically

sealed part through suitable feedthrough connections.

While any suitable feedthrough connection may be used

for this purpose, a preferred manner of making such

feedthrough connection is to use a feedthru connection

that passes through the carrier or substrate in the stair-

step manner (including both vertical and horizontal seg-

ments) disclosed in co-pending patent application, Se-

rial Number 08/515,559, filed 08/16/95, entitled "Her-

metically-Sealed Electrical Feedthrough For Use With

Implantable Electronic Devices", which application is

assigned to the same assignee as is the instant appli-

cation, and which application is incorporated herein by

reference.

[0033] On the side of the carrier or substrate opposite

the hybrid electrical circuitry, a suitable electrochemical

sensor 44, or other desired type of sensor or stimulator,

may be formed or located. A type of electrochemical

sensor that may be used, for example, is the enzyme

electrode sensor described in U.S. Patent No.

5,497,772, incorporated herein by reference, and in par-

ticular, in FIGS. 2A, 2B, 2C, 3, 4A and 4B of that patent.

However, it is to be emphasized that the precise nature

of the sensor 44, or other implantable element used

within the device 30, is not critical to the present inven-

tion. All that matters is that the sensor or other element

be implantable, and that it provide a desired function, e.

g., sense a certain type of parameter of substance, or

generate a certain type of signal, in response to an ap-

propriate control signal or signals.

[0034] Whatever, type of control signal(s) or output

signal(s) is/are generated by the sensor 44, or other el-

ement, such signal(s) may be communicated from the

hybrid circuit side of the substrate or carrier 36 (which

is the top side as the device 30 is oriented in FIG. 3B or

FIG. 3D, and which top side includes the hermetically

sealed portion of the device) to the sensor side of the

device 30 (which is the bottom side as shown in FIG. 3B

or 3D) by way of appropriate hermetically-sealed

feedthroughs that pass step-wise from the hybrid (top)

side of the device 30 through the substrate or carrier, e.

g., in the manner set forth in the above-referenced '559

patent application, to the sensor (bottom) side of the de-

vice 30.

[0035] For example, where the sensor comprises a

glucose sensor of the type taught in U.S. Patent No.

5,497,772, there are essentially five conductors that

electrically interface with the main elements (elec-

trodes) of the sensor, as seen best in FIG. 4A of the 772
patent. Where such a glucose sensor is employed,

these five conductors thus interface with the hybrid elec-

trical circuitry found on the top side of the carrier 36)

using appropriate feedthroughs that hermetically pass

step-wise through the carrier 36, i.e., that pass through

the carrier using both vertical and horizontal segments,

as taught in the '559 application.

[0036] It is to be emphasized that the invention is not

limited to the specific sensor configuration shown in

FIGS. 3A-3D. Rather, any type of implantable device,

whether configured as illustrated in FIGS. 3A-3D or oth-

erwise, could be used with the invention. The present

invention relates to the manner in which multiple sen-

sors, or other implantable devices, regardless of their

shape or configuration, may be serially connected in dai-

sy-chain fashion using a minimum number of conduc-

tors, e.g., two conductors, as well as to the manner in

which such devices electrically communicate with the

controller 20 or other remote device so that each is in-

dividually addressable by the controller, and so that
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each can send data to the controller. Other aspects and

features of such invention, e.g., the manner in which

some of the circuitry contained within the hermetically-

sealed portion of the sensor device 30 operate so as to

consume very low power, are the subject of separate s

applications filed concurrently herewith. Such concur-

rently-filed and pending applications, assigned to the

same assignee as the present application, include: (1)

A LOW POWER CURRENT-TO-FREQUENCY CON-
VERTER, Attorney Docket No. 57794, Serial No.

,
filed ; and (2) A

LOW POWER RECTIFIER CIRCUIT FOR IMPLANTA-

BLE DEVICES, Attorney Docket No. 57795, Serial No.

,
filed ;

which

applications are expressly incorporated herein by refer-

ence.

[0037] It is noted that the configuration of FIG. 2 is

especially well-suited where several of the implantable

devices are to be daisy-chained together to form a single

lead 32, as shown in FIG. 4. As seen in FIG. 4, three

sensor-type devices 30a, 30b, and 30c are connected

together via lead segments 46a, 46b, and 46c. Each of

the lead segments 46a, 46b, and 46c, contain two con-

ductors 14, 16, and may be constructed in any suitable

manner, e.g., with the two conductors being spirally

wound within the lead segments, and with the spiral

windings being encased or covered within a sheath of

silicone rubber, as is known in the lead art. (Note, that

for purposes of FIG. 4 each of the two conductors 14,

16 within the lead 32 is considered as one conductor,

even though each is segmented within the individual

lead segments 46a, 46b and 46c as it connects from the

distal pad of one device to the proximal pad of another

device.) A distal cap 34 covers the distal pads of the

end, or most-distal, device 30c of the lead 32.

[0038] As was mentioned above, it is noted that the

device 30 need not necessarily employ a carrier 36, per

se, as shown in FIGS. 3A, 3B, 3C, 3D and FIG. 4, where-

in the control electronics are positioned on one side (the

top side) of the carrier 36, and the sensor, or other de-

vice being used with or controlled by the electronics is

placed on the other side (the bottom side) of the carrier.

Rather, a ceramic or other substrate on which the IC 38

is formed may itself function as the carrier. That is, the

vias that are formed in a substrate, or between various

layers of an integrated circuit as the integrated circuit

(IC) is formed, may (unction as hermetic feedthroughs,

with selected layers and traces being coated as needed

with aluminum oxide, or other oxide coatings, in the

manner taught in the aforementioned '559 patent appli-

cation, and/or in U.S. provisional application Serial No.

60/033,637, filed 12/20/96 (Attorney Docket No. 57720),

incorporated herein by reference, in orderto seal appro-

priate sections or portions of the IC so that the coated

IC may itself be implanted. In such embodiment, the

sensor or other implantable element 44 used with or

controlled by the IC may be formed on the back side of

the IC's substrate. Thus, a carrier, per se, is not needed

because the IC substrate functions as the carrier.

[0039] An important feature of the present invention

is the electrical circuitry contained within or included as

a part of what is referred to above as the "hybrid circuit

portion" of the implantable device 30. The purpose of

this electrical circuitry is to allow the implantable device

30 to be daisy chained with other similar implantable de-

vices, while still allowing each individual device to be

individually addressed, controlled and monitored from a

single controller 20. This electrical circuitry, frequently

referred to hereafter as the interface/control circuitry, is

shown in FIGS. 3A, 3B, 3C, 3D and 4 as being located

on the "top" side of the carrier 36, predominantly under-

neath the cover 42 in an hermetically sealed portion of

the device 30. It is to be understood, however, that the

location of the interface/control circuitry within the de-

vice 30 is not critical so long as it is appropriately her-

metically sealed.

[0040] The control/interface circuitry may take many

and varied forms. FIGS. 5A, 5B and 5C, discussed be-

low, show three such variations. Turning first to FIG. 5A,

for example, a functional block diagram of a basic con-

figuration of control/interface circuitry 50 for use with a

single sensor 52 made in accordance with the present

invention is shown. The dotted line 54 represents an

hermetic seal that hermetically seals the circuitry 50 and

all but a portion of the sensor 52. (Generally, where a

sensor is employed, at least a portion of the sensor, e.

g., an electrode, is left exposed to the tissue and fluids

within which the device 30 is implanted so that the sen-

sor can perform its intended function of sensing some

parameter or element present within the tissue and/or

fluids.) The input pads 13 and 15, as well as the output

pads 17 and 19, are not hermetically sealed, thereby

allowing these pads to be readily connected to the two

conductors 14 and 16 (FIG. 1) from the controller 20.

[0041] As seen in FIG. 5A, pads 13 and 15 are con-

nected to respective conductive traces, labeled LINE 1

(I N) and LINE 2 (IN), and each of these conductive trac-

es passes through respective feedthroughs 53 and 55

into the hermetically sealed portion of the circuitry 50.

Pads 1 7 and 1 9, on the other side of the circuit, are like-

wise connected to respective conductive traces, labeled

LINE 1 (OUT) and LINE 2 (OUT), and each of these con-

ductive traces passes through respective feedthroughs

57 and 59 into the hermetically sealed portion 54 of the

circuitry 50. Inside the hermetically sealed portion, LINE

1 (IN) connects with LINE 1 (OUT) via conductive trace

56, and LINE 2 (IN) connects with LINE 2 (OUT) via con-

ductive trace 58. In this manner, pad 13 is electrically

connected with pad 17 via trace 56 which passes

through the hermetically sealed portion 54 between

feedthroughs 53 and 57. This interconnection of pad 1 3,

trace 56 and pad 57 may be referred to simply as LINE

1 . Similarly, pad 1 5 is electrically connected with pad 1

9

via trace 58, which trace also passes through the her-

metically sealed portion 54 between feedthroughs 55

and 59. This interconnection may be referred to simply
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as LINE 2.

[0042] As seen in FIG. 5A, a power rectifier circuit 60

is connected between LINE 1 and LINE 2. This circuit

extracts and rectifies any signal pulses found on LINE

1 and LINE 2 and produces an operating voltage, +V
and -V, for powering the circuitry 50. Such rectification

is not a trivial task given the low level signals which are

generally present on LINE 1 and LINE 2, which signals

are usually well below the 0.6-0.8 voltage drop of a con-

ventional silicon diode. Details of such circuitry may be

found in copending patent application A LOW POWER
RECTIFIER CIRCUIT FOR IMPLANTABLE DEVICES,

Attorney Docket No. 57795, previously incorporated

herein by reference.

[0043] A line interface circuit 62 also is connected be-

tween LINE 1 and LINE 2. The circuit 62 functions as

an interface between the circuitry 50 and LINE 1 and

LINE 2. To this end, the interface circuit 50 receives in-

coming data pulses present on LINE 1/LINE 2 and gen-

erates a DATA-IN signal on line 64 therefrom. The inter-

face circuit 62 further generates a clock (CLK) signal on

line 66 that is synchronized with the incoming data sig-

nals. The interface circuit 50 also receives digital output

data, DATA OUT, from a counter circuit 68, and converts

this output data to an appropriate format prior to placing

the output data back on LINE 1/LINE 2. One type of line

interface circuit 62 that may be used with the circuitry

50 is illustrated in the schematic diagram shown and ex-

plained below in conjunction with FIG. 9.

[0044] Still referring to FIG. 5A, the sensor 52 may be

any suitable implantable sensor adapted to sense a de-

sired condition, parameter, or substance present (or ab-

sent) in the implantable tissue within which the device

30 is implanted. For example, the sensor 52 may com-

prise a glucose sensor that generates an output analog

current, /, appearing on line 69, having a magnitude that

varies as a function of the sensed glucose.

[0045] As a practical matter, regardless of the type of

sensor 52 that is employed, it will usually generate either

an analog output voltage or an analog output current as

a function of the concentration, magnitude, composition,

or other attribute, of the parameter being sensed. Such

analog current or voltage may then be converted, using

an appropriate converter circuit 70, to a frequency sig-

nal, appearing on line 72. Typically, the frequency signal

on line 72 comprises a train of pulses having a frequency

(or repetition rate) that varies as a function of the input

voltage or current. In FIG. 5A, for example, it is assumed

that the sensor 52 generates an output current /, and

that the converter circuit 70 comprises a current-to-fre-

quency (l/F) converter circuit, generating an output

pulse train on line 72 that has a frequency which varies

as the magnitude of the current / varies. (Of course, it

would be just as feasible for the sensor to generate an

output voltage V, and have the converter circuit 70 com-

prise a voltage-to-frequency (V/F) converter circuit,

generating an output pulse train on line 72 having a fre-

quency that varies as the magnitude of the voltage V

varies.)

[0046] Once a pulse train 72, or other ac signal, is

generated having a frequency which varies as a function

of the parameter being sensed by the sensor 52, such

5 signal is applied to a counter circuit 68. (Note, as a short-

hand notation used in this application, a signal appear-

ing on signal line having a given reference number may
be referred to as the signal having such given reference

number, i.e., the signal appearing on signal line 72 may
simply be referred to as "signal 72°.) The counter circuit

simply counts the number of pulses present in the signal

72 over a prescribed period of time, thereby providing a

measure of the frequency of the signal 72. For example,

if the signal 72 comprises a signal having 1 00 pulses

per second (pps), and if the counter 68 is set to count

the pulses over a period of time, or time-measurement

window, of one second, then the counter 68, assuming

it is reset to zero at the beginning of the measurement

period, will have a count of 1 00 stored therein at the end

of the measurement period. If the frequency of the signal

72 increases, e.g., to 1 20 pps, then the count held in the

counter should increase to 1 20 at the end of the meas-

urement period. If the frequency of the signal 72 de-

creases, e.g., to 80 pps, then the count held in the coun-

ter should decrease to 80 at the end of the measurement

period. In this manner, by resetting the counter 68 at the

beginning of each measurement period, the count held

in the counter at the end of the measurement period pro-

vides a signal representative of the frequency of the sig-

nal 72. Such count signal, for the basic embodiment

shown in FIG. 5A, may thus serve as the output data

signal, DATA OUT, that is sent to the line interface circuit

62 over signal line 74.

[0047] Control of the counter 68, i.e., resetting the

counter and/or stopping the counter after a prescribed

measurement period, is controlled by control logic 76.

In a simple embodiment, the measurement period may
be a fixed time period. In other embodiments, the meas-

urement period may be set by input data received over

signal line 64 from the line interface circuit 62. The clock

signal 66 may be used as a measure of elapsed time,

as well as to coordinate when the counter 68 sends its

DATA OUT signal 74 to the line interface circuit 62.

[0048] As needed, a voltage generator circuit 78 gen-

erates a reference voltage VREF , and a bias signal, VB ,.

AS , that are used by the current-to-frequency (l/F) con-

verter circuit 70 as it performs its function of converting

the analog current signal 69 to a frequency signal 72,

as explained more fully in the above-referenced co-

pending patent application entitled A LOW POWER
CURRENT-TO-FREQUENCY CONVERTER, Attorney

Docket No. 57794, previously incorporated herein by

reference.

[0049] Turning next to FIG. 5B, there is shown a func-

tional block diagram of an alternative implantable device

50'. The device 50' is in most respects the same as, or

similar to, the device 50 shown in FIG. 5A. That is, the

device includes an hermetically-sealed portion 54'
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wherein desired electronic circuitry is housed, including

a power rectifier circuit 60* and a line interface circuit

62'. Other circuits, represented generically as the block

80, are coupled to the line interface circuit 62'. Such oth-

er circuits 80 may include, e.g., an l/F converter, a sen- $

sor, a stimulator, a counter, a microprocessor, and/or

other circuits as needed to control and perform a desired

stimulation or sensing function.

[0050] Like the device 50 of FIG. 5A, the device 50'

of FIG. 5B includes a pair of feed through terminals 53'

and 55' through which a LI NE 1 and a LINE 2 connection

may be respectively made between external (non-her-

metically sealed) input terminal pads 1
3' and 1 5* and the

hermetically sealed power rectifier circuit 60 and line

interface circuit 62'. Unlike the device 50 of FIG. 5A, the

device 50' of FIG. 5B includes output terminal pads 17'

and 19' for LINE 1 and LINE 2 that are connected directly

to the input terminal pads 1
3' and 15', respectively, with-

out the connection passing through the hermetically

sealed portion 54' of the device. As such, the configu-

ration of the device 50' illustrated in FIG. 5B is better

suited for applications where the sensor/stimulator de-

vices in the daisy chain do not have to be lined up in

serial or lead-like fashion (as suggested, e.g. ,
by the de-

vices 18a, 18b ... 18n in FIG. 3), but wherein each de-

vice 50' of the chain may be fanned out and located or

positioned at varying locations relative to the other de-

vices in the chain.

[0051] Next, with reference to FIG. 5C, there is shown

a functional block diagram of a sensor stimulator device

50". The device 50" is, in many respects, similar to the

device 50 shown in FIG. 5A, but as is evident from FIG.

5C, the device 50" includes additional circuit functions

that allow a wide variety of different sensor and/or stim-

ulator functions to be provided. With the exception of

stimulating electrodes 82 and 83, and portions of one or

more of the sensors 53a, 53b, 53c,... 53n, all of the el-

ements shown in FIG. 5C are included in an hermetical-

ly-sealed portion of the device 50".

[0052] Like the device 50 of FIG. 5A, the device 50"

of FIG. 5C includes a power rectifier circuit 60" and a

line interface circuit 62", each of which is connected to

input/output LINE 1 and LINE 2 conductors. These LINE

1 and LINE 2 conductors are connected through appro-

priate feed-through elements (not shown) to appropriate

pads (also not shown in FIG. 5C, but which are the same

as or similar to the input/output pads 13, 15, 17 and 19

of FIG. 5A, or input/output pads 13', 15', 1 7' or 1 9' shown

in FIG. 5B). The power rectifier circuit 60" and the line

interface circuit 62" serve the same function as, and may

be the same as or similar to, the power rectifier circuit

60 and line interface circuit 62 described or referenced

above in connection with FIG. 5A. Also, like or similar to

the device 50 of FIG. 5A, the device 50" shown in FIG.

5C may include a voltage generator circuit 78° that gen-

erates a VREF and VBIAS signal used by various other

circuits within the device 50".

[0053] Unlike the simple device 50 of FIG. 5A, which

includes a single sensor 52, the device 50" of FIG. 5C

includes multiple sensors 53a, 53b, 53c, 53d,.. .53n.

Each of these sensors may be configured to sense a

different parameter or substance, or all may be config-

ured to sense the same parameter or substance. Alter-

natively, a first group of the sensors, e.g., sensors 53a

and 53b, may be configured to sense the same param-

eter or substance; while a second group of the senors,

e.g., sensors 53c, 53d,. ..53n, may be configured to

sense a different parameter or substance; while yet a

third sensor or group of sensors, e.g., a sensor which

generates a voltage Vc ,
may be configured to sense yet

an additional parameter or substance. For example,

sensors 53a and 53b may comprise strain gauges which

measure movement of the tissue in which they are im-

planted; sensors 53c, 53d,. ..53n may comprise glucose

sensors that sense the glucose concentration of the tis-

sue or fluids in which they are implanted, and the voltage

Vc may represent a voltage obtained from within the de-

vice 50" that represents a measure of the temperature

of the device 50", and hence a measure (over time) of

the temperature of the tissue in which the device 50" is

implanted.

[0054] As shown in FIG. 5C, the sensors 53a and 53b

each generate, as an output signal (having a magnitude

that varies in some known fashion, e.g., linear, as a func-

tion of the parameter or substance being sensed) an

output current la and l b ,
respectively. As required, the

voltage Vc , which may represent a status condition or

other parameter related to the device 50", may be ap-

plied to a voltage-to-current converter circuit 88, which

circuit converts the sensed voltage Vc to a correspond-

ing current, lc . The currents la ,
l b , and lc are all connect-

ed through an analog multiplexer circuit 90 to a first cur-

rent-to-frequency (l/F0 ) converter circuit 71a. The mul-

tiplexer 90 is controlled by a suitable control signal re-

ceived over signal line 92 from state machine control

logic 94.

[0055] The l/F0 converter circuit 71 a produces a var-

iable frequency output signal (having a frequency that

varies as a function of the selected input current la ,
l b ,

or l c) which is directed to a first measurement counter

98a through a digital multiplexer 96. As shown in FIG.

5C, the digital multiplexer 96 may also select, under con-

trol of a control signal 95 received from the state ma-

chine control logic 94, the output frequency signal gen-

erated by a second current-to-frequency (l/Fj ) converter

circuit 71b, which l/F
1
converter circuit 71b receives an

input current ^ from sensor 53c. Thus, the first meas-

urement counter 98a measures either the frequency of

the output from the 1/F0 circuit 71a or the frequency of

the output from the l/F-j circuit 71b as controlled by the

state machine control logic 94.

[0056] Other measurement counters 98b, ... 98n may

also be used to respectively measure the frequency sig-

nals generated by additional sensors 53d,... 53n. That

is, sensor 53d generates an output current l2 as a func-

tion of a sensed parameter or substance. This current
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l2 is applied to a third current-to-frequency (l/F2) con-

verter circuit 71c. The l/F2 circuit 71c converts the cur-

rent l2 to a frequency signal, which frequency signal is

applied to the measurement counter circuit 98b. In a

similar manner, each other sensor that may be present

in the device 50", up to sensor 53n, generates a corre-

sponding output current as a function of a sensed pa-

rameter or substance. The current from each such sen-

sor, including current ln from sensor 53n, is applied to a

corresponding currenMo-frequency converter circuit,

up to an including an l/Fn converter circuit 71 n. Each

such l/F converter circuit, up to the l/Fn converter circuit

71 n, converts its respective input current to a corre-

sponding frequency signal, which frequency signal is

then applied to a respective measurement counter cir-

cuit. Thus, for example, sensor 53n generates current

l n as a function of a sensed parameter or substance,

and applies this current l

n to converter l/F n , the frequen-

cy output signal of which is then applied to measurement

counter 98n.

[0057] The output signals from each of the measure-

ment counters 98a, 98b, ... 98n, which output signals

represent a digital measure of the parameter sensed by

a corresponding sensor that is upstream from the meas-

urement counter, are then selectively applied, through

an output multiplexer circuit 1 00 to the line interface cir-

cuit 62". This selection is controlled by the state machine

control logic 94 by way of a suitable control signal 97.

The output signal selected by the multiplexer 100 thus

comprises output data (referred to in FIG. 5C as "DATA

OUT") that is applied to the LINE 1 and LINE 2 conduc-

tors of the two-conductor cable (or connecting bus) that

connects each of the implantable devices 50" to a suit-

able controller 20. Thus, this output data may be trans-

ferred to the controller 20 over the LINE 1/LINE 2 con-

ductors in the manner described below.

[0058] As described above, it is thus seen that the de-

vice 50" allows multiple sensors 53a, 53b, ... 53n, to

sense an appropriate parameter, substance, or condi-

tion, convert such sensed parameter, substance or con-

dition to first a frequency signal, and second to a digital

signal, which digital signal may then be selectively

passed on to other devices, e.g., a remote controller 20,

or another device 50, coupled to the LINE 1/LINE 2 con-

ductors. Advantageously, through the use of the multi-

plexers 90, 96 and 100, each of which is controlled by

suitable state machine control logic 94, the frequency at

which a given sensor is sampled can be controlled in a

desired manner. For example, as suggested by the con-

figuration shown in FIG. 5C, it is seen that sensors 53d...

53n may be sampled at a rate controlled by output mul-

tiplexer 1 00. Sensor 53c may similarly be sampled at a

rate controlled by output multiplexer 1 00 and multiplexer

96; and sensors 53a and 53b, as well as status voltage

Vc ,
may be sampled at a rate controlled by output mul-

tiplexer 100, multiplexer 96 and multiplexer 90.

[0059] It is to be emphasized that the particular con-

figuration (shown in FIG. 5C) of using multiple sensors

and multiplexers is only exemplary, not limiting. It is in-

tended that any configuration of an implantable, daisy-

chainable device that allows one or more, e.g., multiple,

sensors to be employed within the device, with the data

s sensed by each sensor being convertible to an appro-

priate form and transferable back through a suitable

line interface circuit to the LINE 1/LINE 2 conductors,

being included be included within the scope of the in-

vention.

[0060] Still referring to FIG. 5C, it is seen that the de-

vice 50" further includes a stimulator circuit 86. The stim-

ulator circuit 86 is controlled by the state machine con-

trol logic 94. The stimulator circuit 86 generates appro-

priate electrical stimulation pulses, applied across one

or more electrodes 82 and/or 83. These electrodes 82

and/or 83 are connected to the stimulator circuit 86

through conductors that pass through an appropriate

feed-through terminal, or seal 84, thereby allowing at

least one of the electrodes to be in the non-hermetically

sealed portion of the device 50". The design of the stim-

ulator circuit 86 may be conventional, e.g., as is com-

monly used in the cochlear stimulation art, see. e.g. U.

S. Patent No. 5,603,726 (incorporated herein by refer-

ence), the cardiac tissue stimulation art, the neural stim-

ulation art, and/or the pain-relief stimulation art.

[0061] The state machine control logic 94 may like-

wise be of conventional design, appropriate for the low

power constraints applied to all of the circuitry within the

device 50". It is the function of the state machine control

logic 94 to generate control signals that control the op-

eration of the stimulator circuit 86, as well as the sam-

pling and data conversion associated with each of the

various sensors 53a, 53b,. ..53n, all as controlled by and

in synchrony with DATA-IN signals and a clock (CLK)

signal received from the line interface circuit 62". In its

simplest form, the control logic 94 may comprise simply

a flip-flop or two, and associated logic gates, which re-

ceive the DATA-IN and CLK signals and use such sig-

nals to steer or control the flip flop(s) to toggle between,

or cycle through, various operating states. In each state,

appropriate control signals are generated by the control

logic to cause a specified sensor to be sampled, and/or

a stimulation pulse to be generated. As required, reset

signals are also generated in the various states in order

to reset the various counter circuits. Additionally, a pow-

er-on-reset circuit 102 may be coupled to the state ma-

chine control logic 94 to assure that the control logic 94

comes up in a desired state, or operating mode, each

time power is applied to the device 50". The details of

the state machine control logic are not critical for pur-

poses of the present invention. Those of skill in the art

can readily fashion appropriate state machine control

logic to accomplish a desired operating performance for

the device 50".

[0062] It should also be pointed out that any circuitry

which accomplishes the function of the state machine

control logic 94 could be used in lieu of, or as a supple-

ment to, the conventional state machine control logic de-
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scribed above. Such circuitry includes, for example, a

low power microprocessor programmed with an operat-

ing program stored in read-only memory (ROM).

[0063] Further, it is noted that inclusion of a stimulator

circuit 86, and corresponding stimulation electrodes 82

and/or 83, within the implantable device 50" should be

viewed as an option, not a requirement. That is, for many

applications, all that the daisy-chainable implantable de-

vice 50' need do is to sense one or more parameters or

substances, without the need to provide stimulation. For

such applications, the stimulation function may thus be

omitted.

[0064] The current-to-frequency converter circuits

71a, 71b, ... 71 n may each be substantially as is de-

scribed in the previously-referenced patent application

(incorporated herein by reference) entitled LOW POW-
ER CURRENT-TO-FREQUENCY CONVERTER.
[0065] The counter circuits 98a, 98b,. ..98n, as well as

the multiplexer circuits 90, 96 and 100, may all be of

conventional design, utilizing, e.g., low power CMOS in-

tegrated circuits.

[0066] Turning back momentarily to FIG. 2, where a

plurality of implantable, daisy-chainable sensor/stimula-

tor devices 18a, 18b ...18n made in accordance with the

present invention are shown connected in tandem, it is

noted that a key feature of the present invention is the

ability of the controller 20 to provide operating power to,

and to individually send control data to, as well as re-

ceive data from, each of the devices 18 that are con-

nected to the controller over the same two conductors

14 and 16. The preferred manner in which such power-

ing and individual addressing is done is next explained

in connection with FIGS. 6, 7 and 8.

[0067] FIG. 6 illustrates a timing diagram that shows

the preferred relationship between input data (top wave-

form) sent to the implantable devices and output data

(bottom waveform) received from the implantable devic-

es, as such data would appear on the two LINE 1 /LINE

2 conductors that connect all of the devices together. In

FIG. 6, it is assumed that time is the horizontal axis,

whereas amplitude is the vertical axis. It is also noted

that the waveforms shown in FIG. 6 represent current

waveform pulses.

[0068] As seen in FIG. 6, the preferred form for the

input data is biphasic pulses. Each biphasic pulses com-

prises a first current pulse of a first polarity, followed by

a second current pulse of the same magnitude of the

opposite polarity. Thus, the net current for each biphasic

pulse is preferably zero, with the positive current pulse

effectively balancing out the negative current pulse. The

typical widths of the current pulses are from to

msec, with the magnitude of each current pulse

typically ranging from to microamps. A bi-

nary °1
' is represented by a biphasic pulse of one phase,

e.g., a positive current pulse followed by a negative cur-

rent pulse; while a binary "0D
is represented by a bipha-

sic pulse of the opposite phase, e.g., a negative pulse

followed by a positive pulse. Thus, as shown in FIG. 6,

a binary "1
" may be represented as a positive current

pulse followed by a negative current pulse, while a bi-

nary "0" is represented by a negative current pulse fol-

lowed by a positive current pulse.

s [0069] As further seen in FIG. 6, there may be an "off

time", e.g., of 0 (zero) to msec, between the two

current pulses of each biphasic pulse, but such off time

is not always necessary (hence, as indicated, it may be

reduced to zero). A prescribed time increment T1 sep-

*0 arates one input data biphasic current pulse from the

next input data biphasic current pulse.

[0070] As also seen in FIG. 6, the preferred form for

the output data is also a biphasic pulse, amplitude mod-

ulated (or preferably ON/OFF modulated) as a function

*s of whether the output data is a binary "1° or "0". In the

preferred embodiment, the peak amplitude of the output

data pulse for a binary "1" is l

p
, while the peak amplitude

of the output data pulse for a binary "0" is zero. Thus, in

this preferred ON/OFF modulation scheme, the pres-

ence of an output data pulse represents a binary "1
" and

the absence of an output data pulse represents a binary

"0". Output data pulses are inserted in the data stream

appearing on the LINE 1/LINE 2 conductors pulses at a

specified time T2 from the input data pulse so as to fall

between the input data pulses, in a time-division multi-

plexed manner. Although the preferred form of the out-

put data pulses is a biphasic pulse (to achieve current

balancing), it is noted that in some instances a

monophasic pulse at time T2 (and with amplitude of l

p
or zero) may be used.

[0071] As shown in FIGS. 7 and 8, the input data sent

over the LINE 1/LINE 2 conductors by the controller is

divided into data frames of length T3. Within each data

frame, N bits of data are found, where N is an integer

typically ranging from 8 to 64. A representative assign-

ment of the data bits included in the data frame is illus-

trated in FIG. 7. As shown in FIG. 7, the first bit of the

data frame is a start bit, followed by three bits (bits 2, 3

and 4) that comprise address bits. Bits 5, 6 and 7 com-

prise an operation code (op code) that define an oper-

ation (e.g., one of eight operations) that the addressed

device is to perform. Bits 8-1 2 then define particular con-

trol parameters associated with the operation that is to

be carried out, e.g., the amplitude of a stimulation pulse,

or the particular sensor(s) from which data is to be gath-

ered, etc. Bit 13 comprises a parity bit. Bits 14 through

AM comprise transmit data, followed by the Mh bit,

which is a stop bit or end bit of the data frame.

[0072] The transmit data bits, in one embodiment, ef-

fectively define time windows within the data frame dur-

ing which data being sent (or transmitted) from a given

implantable device to the controller is to be inserted in

the data frame. For example, the controller may be set

up to recognize that output data appearing T2 seconds

after the 13th input data pulse (i.e., during Bit 13) cor-

responds to data sent by a specific one of the devices

in the daisy chain. In this manner, some data from each

of the implantable devices in the chain may be received
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during each data frame. Alternatively, other schemes

may be used to keep track of which output data appear-

ing on the LINE 1/LINE 2 conductors belongs to which

devices. For example, all of the devices but one may be

effectively shut down insofar as sending output data is s

concerned until all the needed data from that one ena-

bled device has been obtained. This allows data to be

received much faster from a given device, but at the ex-

pense of not receiving data from the other devices until

the transmission is complete.

[0073] Because the input data comprises biphasic

pulses that occur at a regular interval or rate (e.g., every

T1 seconds), the energy contained in such pulses may
be utilized to provide the operating power for the circuits

contained within the device 50". Such is accomplished

using the rectifier circuit 60, 60' or 60° (FIGS. 5A, 5B or

5C). A preferred rectifier circuit is described in the

above-referenced co-pending patent application (incor-

porated herein by reference) entitled LOW POWER
RECTIFIER CIRCUIT FOR IMPLANTABLE DEVICES.

[0074] The input and output data pulses of the type

shown in FIGS. 6 and 8 are generated by the line inter-

face circuit 62, 62' or 62° (FIGS. 5A, 5B or 5C). A sche-

matic diagram of a representative line interface circuit

is shown in FIG. 9. The particular line interface circuit

shown in FIG. 9 receives biphasic pulses from and

sends monophasic pulses back to the controller 20 (FIG.

2). The operation of the circuit shown in FIG. 9 should

be self-evident to those of skill in the art. The following

explanation provides an overview of such operation.

[0075] The biphasic pulses appearing on the LINE

1/LINE 2 conductors are effectively pulse pairs, one

pulse of the pair being positive and the other being neg-

ative, with the polarity of the first pulse determining

whether the pulse represents a binary "I'ora binary

"0". The LINE 1/LINE 2 conductors are connected to

CMOS switches M3 and M4 such when LINE 1 goes

high, it switches on M4 and switches off M3. Switching

on M4 pulls down the level at the drain of M4 for the

duration of the pulse. Switching M3 off makes the drain

of M3 go high. The low pulse at the drain of M4 passes

through three inverters 112, 114 and 116 and appears

as a high data pulse at the DATA-IN signal line 64, hav-

ing the same pulse width as the incoming pulse. Thus,

incoming positive pulses on LINE 1 are passed through

as positive pulses on the DATA-IN line 64.

[0076] In a similar fashion, negative pulses on LINE

1 cause M3 to switch ON and M4 to switch off. With M4
switched off, the drain of M4 is pulled high, and this high

level passes through inverters 112, 114 and 116 to be-

come a low level data pulse at the DATA-IN signal line

64 having the same pulse width as the incoming nega-

tive pulse. Thus, incoming negative pulses on LINE 1

are passed through as low pulses on the DATA-IN line

64.

[0077] The clock signal, on signal line 66, is generated

by a D-flip-flop 122, as controlled (or clocked by) the

rising edge of the Q* output of a NOR latch 120. The

NOR latch 1 20 is reset by gate 1 1 8, causing the Q* out-

put of latch 120 to rise, whenever either one of the M3
or M4 switches are turned on, which occurs whenever

an input pulse of either polarity is received. Having the

NOR latch 120 reset, thereby causing its Q* output to

rise from a low level to a high level, causes two events

to happen: (1) a first timer circuit 124 starts its timing

cycle; and (2) the D flip-flop 122 is clocked, causing its

Q output (attached to signal line 66) to be set to a high

level. The rising edge of the signal on signal line 66 fur-

ther causes a second timer circuit 126 to be triggered.

Representative times for the first and second timers are

152 microseconds (usee) and 44 usee, respectively

Thus, as soon as an input pulse is received, positive or

negative, both the first and second timers start to time

out.

[0078] For so long as the first timer circuit 1 24 is timing

out, e.g., for 152 usee following an input pulse, it locks

the NOR latch 1 20, making it immune to any further sig-

nals received from the M3 or M4 switches (i.e., making

it immune to any line activity appearing on the LINE

1/LINE 2 signal lines). Line activity during this immune

time typically includes the second line pulse of the bi-

phasic pulse pair, any reply pulse that may be deliber-

ately placed on the LINE 1/LINE 2 signal lines (as ex-

plained below), or noise. As soon as the first timer 124

times out, the NOR latch 120 is unlocked, making it re-

sponsive to the next line activity that occurs, e.g., the

next biphasic data pulse, representing the next data bit

of the data frame.

[0079] When the second timer 1 26 times out, e.g., at

44 usee after receipt of an incoming pulse, the Q output

of the second timer 126 goes high, causing the D flip-

flop 122 to reset, thereby causing the clock signal on

signal line 66 go low. The clock signal on signal line 66

remains low until the D flip-flop 1 22 is again clocked high

by the NOR latch 120 upon receipt of the next input

pulse over the LINE 1/LINE 2 conductors (after expira-

tion of the 1 52 usee immune period set by the first timer

1 24). Thus, the clock signal CLK (on signal line 66) com-

prises a signal that goes high upon receipt of the first

pulse over the LINE 1/LINE 2 conductors, remains high

for the second timer period, e.g., 44 usee, and then goes

low and remains low until receipt of the next input pulse

over the LINE 1/LINE 2 conductors after expiration of

the first timer period (e.g., 152 usee). For this reason,

the data transmission cycle from the remote controller

20 (FIG. 2) should not be shorter than the longest pos-

sible time of the first timer 1 24, taking into account var-

iations in the timer period as a result of process varia-

tions. For example, assuming a nominal first timer value

of 1 54 usee, a safe value for the data transmission cycle

is about 244 usee, which allows for about a ±52% vari-

ation in the first timer period.

[0080] Note that there is a shorter propagation delay

from receipt of a pulse on the LINE 1/LINE 2 input lines

to the DATA-IN line 64 than to the CLK line 66. This is

important in forming a buffered data line 127 using an-
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other D flip-flop 128. Such a buffered data line 127 is

created by connecting the DATA-IN line 64 to the D-input

of the D flip-flop 128, while connecting the clock input

of the D flip-flop 128 to the CLK line 66. By making the

propagation delay to the DATA-IN line 64 be shorter than s

the propagation delay to the CLK line 66, the D flip-flop

1 28 will always capture and hold the correct data on the

DATA-IN line at the time of the clock transition. Thus,

whenever a positive pulse is first received on LINE 1

relative to LINE 2 (i.e., whenever the first pulse of the 10

biphasic pulse pair is positive), causing the DATA-IN line

to go high for the duration of the pulse as explained

above, the D flip-flop 128 captures such event as a high

level, causing the buffered data line 127 to latch high.

Similarly, whenever a negative pulse is first received on 15

LINE 1 relative to LINE 2 (i.e., whenever the first pulse

of the biphasic pulse pair is negative), causing the DA-

TA-IN line to go low for the duration of the pulse as ex-

plained above, the D flip-flop 128 captures such event

as a low level, causing the buffered data line 1 27 to latch 20

low.

[0081] Note that the D flip-flop 1 28 need not be includ-

ed as part of the line interface circuit 62 (although it

could be), but rather is usually included in the state ma-

chine logic 94, or other processing circuitry, that re- 25

ceives and processes the incoming data.

[0082] Output data that is to be placed on the LINE

1/LINE 2 conductors at a time T2 after receipt of an input

data pulse, is applied to the DATA OUT signal line 74.

Such data is then clocked into D flip-flop 132, causing 30

the data (a low or a high) to appear on signal line 134,

at the end of the 44 jisec period set by the second timer

126. If the output data is a T, i.e., a high level, such

action triggers a third timer circuit 1 36, which times out

after a prescribed time period, e.g., 1 sec. The timing 35

out of the third timer circuit 136 resets the D flip-flop 132,

thereby causing the signal line 1 34 to go low, thus form-

ing an output data pulse of approximately 1 jisec width

on the signal line 134. Such output data pulse is then

inserted on the LINE 1/LINE 2 conductors by action of 40

the complimentary switches M1 and M2, both of which

are turned ON by the 1 u,sec output data pulse, with M1

pulling LINE 1 high, and M2 pulling LINE 2 low, for the

duration of the output data pulse, e.g., 1 usee. Thus, in

this manner, the output data pulse appears on LINE *s

1/LINE 2 at a time T2, as shown, e.g., in FIGS. 6 and 8.

[0083] If the output data applied to the DATA OUT line

74 is a "0", i.e., a low level, a low level is clocked in to

the D flip-flop 132. This means there is no change on

signal line 1 34, the third timer circuit 1 36 is not triggered, so

and the M1 and M2 triggers are not turned ON. Thus,

there is no data pulse inserted on LINE 1/LINE 2, and

the absence of such data pulse signifies the output data

is a "0". By having an output data 0° be represented by

the absence of an output pulse saves operating power 55

of the device. Saving operating power is always an im-

portant consideration for the type of implantable sensor/

stimulator devices described herein.

[0084] The 1 usee time period set by the timer circuit

136 is achieved, in the embodiment shown in FIG. 9, by

designing an inverter circuit using complementary tran-

sistors M5 and M6, where the NFET (M6) of the pair is

designed to have long dimensions, as seen in Table 1.

Such long dimensions, in combination with the capaci-

tance of capacitor C3 (nominally 3 picofarads), produc-

es the desired 1 |isec delay. The typical dimensions of

the other transistors, M1
, M2, M3, M4 and M5 included

in the circuit of FIG. 9 are also shown in Table 1

.

[0085] As described above, it is thus seen that the

present invention provides a means whereby implanta-

ble sensors or stimulators may be daisy chained togeth-

er over a common power/data bus using a minimum

number of connecting conductors, e.g., two, and where-

in each individual device connected in the daisy chain

is individually addressable from a common controller

unit connected by way of the common power/data bus

to each of the implantable devices.

[0086] As also described above, it is seen that the in-

vention provides individual implantable sensors and/or

stimulators that can transmit and/or receive power and

data signals over a minimum number of signal lines con-

nected therebetween.

[0087] As further described above, it is seen that each

such implantable sensor/stimulator device of the inven-

tion has an hermetically sealed part and a non-hermet-

ically sealed part, with electrical feed-through means for

making electrical connections between the hermetically

sealed part and the non-hermetically sealed part, and

wherein the hermetically sealed part encompasses

electrical circuits for operating and controlling the de-

vice, and further wherein the non-hermetically sealed

part includes a sensor for sensing a condition or sub-

stance to which the device is exposed, electrical termi-

nals or pads to which connecting conductors may be

connected, and/or electrodes through which stimulating

current pulses may be applied to surrounding tissue or

body fluids.

[0088] While the invention herein disclosed has been

described by means of specific embodiments and appli-

cations thereof, numerous modifications and variations

could be made thereto by those skilled in the art without

departing from the scope of the invention set forth in the

claims.

Claims

1. A chain of serially-connected electronic devices

adapted for implantation in living tissue comprising:

a plurality of substantially identical electronic

devices (12,18,30), each electronic device in-

cluding a first pair of terminals (13,15), a sec-

ond pair of terminals (1 7, 1 9), means for receiv-

ing an input pulsed data-stream signal over the

first pair of terminals, means for performing a

14
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specified function, and means for applying out-

put pulses to the first pair of terminals repre-

sentative of the specified function performed so

that the output pulses are interleaved between

pulses of the input pulsed data-stream signal; 5

a control circuit (20,20') having a first line ter-

minal and a second line terminal, means for

generating the input pulsed data-stream signal

and applying said input pulsed data-stream sig-

nal between the first line terminal and the sec- io

ond line terminal, and means for detecting any

output pulses appearing between pulses of the

input pulsed data-stream;

a first line conductor (14') connected between

the first line terminal of the control circuit and a 15

first terminal of the first pair of terminals of a

first electronic device, and a second line con-

ductor (16') connected between the second line

terminal of the control circuit and a second ter-

minal of the first pair of terminals of the first 20

electronic device; and

for each additional electronic device included

in the chain of implantable serially-connected

electronic devices, wherein an electronic de-

vice in the chain that is closest to the control 25

circuit comprising a forward electronic device,

and an electronic device in the chain that is next

closest to the control circuit comprising a rear-

ward electronic device,

a signal conductor (14") connected between a 30

first terminal of the second pair of terminals of

the forward electronic device and a first termi-

nal of the first pair of terminals of the rearward

electronic device, and

a return conductor (16°) connected between a 35

second terminal of the second pair terminals of

the forward electronic device and a second ter-

minal of the first pair of terminals of the rear-

ward electronic device;

whereby the first electronic device is connected 40

to the control circuit with just two conductors,

and each rearward electronic device in the

chain of electronic devices is also coupled to

the forward electronic device with just two con-

ductors. 45

2. The chain of implantable electronic devices as set

forth in Claim 1 wherein the specified function per-

formed by each of the plurality of electronic devices

comprises sensing and measuring a parameter as- so

sociated with the living tissue within which the chain

of devices is implanted.

3. The chain of implantable electronic devices as set

forth in Claim 2 wherein the input pulsed data 55

stream signal generated by the control circuit com-

prises a train of biphasic pulses, with each biphasic

pulse in the train of pulses comprising a negative

pulse followed by a positive pulse to represent one

binary state, and a positive pulse followed by a neg-

ative pulse to represent the other binary state, and

wherein each biphasic pulse is separated from an

adjacent biphasic pulse in the train of biphasic puls-

es by a time period T1 , and further wherein the train

of biphasic pulses is applied to the first pair of ter-

minals of each electronic device in the chain.

4. The chain of implantable electronic devices as set

forth in Claim 3 wherein the control circuit includes

means for generating the train of biphasic pulses so

as to be arranged in data frames, each data frame

comprising a sequence of biphasic pulses, with

each biphasic pulse representing a data bit, where-

in a first group of data bits within the data frame

comprises an address, a second group of data bits

comprises an operational code, and a third group

of data bits comprises data.

5. The chain of implantable electronic devices as set

forth in Claim 4 wherein the third group of data bits

includes a first subgroup of data bits representing

op code bits, and a second subgroup of data bits

representing transmitted data.

6. The chain of implantable electronic devices as set

forth in Claim 5 wherein the data frame further in-

cludes at least one additional biphasic pulse repre-

senting a parity bit.

7. The chain of implantable electronic devices as set

forth in Claim 5 wherein the data frame further in-

cludes a first biphasic pulse representing a start bit,

and a last biphasic pulse representing a stop bit.

8. The chain of implantable electronic devices as set

forth in Claim 3 wherein the output pulses generat-

ed by each electronic device comprise output puls-

es having a variable amplitude, and wherein each

electronic device includes means for placing the

output pulses in the data stream of biphasic pulses

at a time period T2 from a prior biphasic pulse,

where T2 is less than T1 ,
whereby the output pulses

are interleaved inbetween the biphasic pulses of the

data stream.

9. The chain of implantable electronic devices as set

forth in Claim 8 wherein the output pulses assume

a first amplitude to represent a first binary state, and

a second amplitude to represent a second binary

state.

10. The chain of implantable electronic devices as set

forth in Claim 8 wherein the output pulses assume

a first amplitude to represent a first binary state, and

are absent, i.e., assume a zero amplitude, to repre-

sent a second binary state.

15
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11. The chain of implantable electronic devices as set

forth in Claim 8 wherein the output pulses comprise

monophasic pulses.

12. The chain of implantable electronic devices as set s

forth in Claim 8 wherein the output pulses comprise

biphasic pulses.

1 3. A method of sending power and control data to, and

receiving transmit data from, a plurality of implant-

able medical devices (12,18,30), each connected

to a two-conductor cable (46), comprising:

(a) generating a biphasic pulse train of biphasic

pulses at a regular repetition rate of F1 pulses

per second (pps), wherein each biphasic pulse

in the pulse train has a width Tw and is sepa-

rated from an adjacent pulse in the pulse train

by a time separation distance of T1 , where Tw
is « T1

,
andT1=1/F1;

(b) modulating the pulses of the pulse train to

represent data bits, wherein a biphasic pulse

which goes positive first and then negative

comprises a first binary state, e.g., a logical

one, and wherein a biphasic pulse which goes

negative first and then positive comprises a

second binary state, e.g., a logical zero;

(c) arranging the biphasic pulses of the pulse

train in data frames of A/data bits each, wherein

a first subset of the N data bits comprise ad-

dress bits, a second subset of the N data bits

comprise an operational code, a third subset of

the N data bits comprise control data, and a

fourth subset of the Ndata bits comprise trans-

mit data;

(d) applying the data frames to the two-conduc-

tor cable so that the data frames are received

by each of the plurality of implantable medical

devices connected to the two-conductor cable;

(e) receiving and processing the data frames

within each medical device by:

( 1 ) splitting the received biphasic pulses in-

to first and second signal paths,

(2) rectifying and filtering the biphasic puls-

es received in the first signal path to create

an operating voltage used to operate the

medical device,

(3) demodulating the address bits received

in the second signal path of each data

frame to determine if the address bits

match a predetermined address stored in

the medical device, and

(4) if the address bits match the predeter-

mined address, demodulating the opera-

tional code and control data received in the

second data path; and

(f) sending transmitted data from a medical de-

vice for which a match exists between the ad-

dress bits received and the predetermined ad-

dress by:

(1 )
generating an output data pulse having

a width« T1 , the output data pulse having

a first amplitude, e.g., a maximum ampli-

tude, to represent a first binary state, and

a second amplitude, e.g., a minimum am-

plitude, to represent a second binary state,

and

(2) applying the output data pulse to the

two-conductor cable at a time in the data

frame that is inbetween the biphasic pulses

of the N data bits that define a data frame.

14. The method of Claim 1 3 wherein the first amplitude

of step (f) (1) comprises a non-zero amplitude, and

the second amplitude of step (f)(1) comprises a zero

amplitude, whereby the presence of an output data

pulse having a discernable amplitude at the time in

the data frame that is inbetween the biphasic pulses

of the data bits in the data frame represents the first

binary state, and the absence of an output data

pulse represents the second binary state.
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